data have yet to be compared in the same individuals. We measured linear cortical magnification factors in V1 with fMRI, and we measured visual acuity (Vernier Accordingly, we used fMRI to determine M in V1, and we used two psychophysical tasks to measure acuity and grating) in the same observers. The cortical representation of both Vernier and grating acuity thresholds (Vernier and grating) in the same ten observers. Vernier acuity at a particular region of visual space is predicted in V1 was found to be roughly constant across all eccentricities. We also found a within-observer correto depend directly on M at a corresponding region within V1 in the contralateral hemisphere. Importantly, changes lation between cortical magnification and Vernier acuity, further supporting claims that Vernier acuity is limin Vernier acuity across the visual field should be represented by similar changes in the M of V1. ited by cortical magnification in V1.
, respectively, where is threshold, and ␦ is eccentricity. As indicated by the similar exponents in the power function fits, Vernier acuity did not decline any faster than grating acuity as a function of eccentricity. This small discrepancy between our data and an earlier study may have been the result of not collecting thresholds from the fovea, where Vernier and grating acuity differ the most. Alternatively, it may also have been because our grating acuity measurements were not affected by sure M in the same ten observers. First, a high-resolution (1 ϫ 1 ϫ 1 mm) anatomical volume of the brain was obtained using an MPRAGE pulse sequence. Next, standard retinotopic mapping stimuli were applied to localwere obtained in each of the four visual quadrants for each observer at five eccentricities: 1.5Њ, 3Њ, 6Њ, 9Њ, and ize V1 (Engel et al., 1994; Sereno et al., 1995) . Finally, a series of functional scans were used to localize the corti-12Њ. To minimize perceptual learning effects, subjects were given over an hour of pretraining, and the location cal area devoted to a particular eccentricity of visual space. of the psychophysical stimuli after training was randomized from session to session. These measures appear Previous fMRI studies have measured M in humans by using the temporal phase of the fMRI response to to be adequate; there were no systematic changes in Vernier or grating resolution thresholds between the first expanding and contracting rings ( magnification of the fovea predicts that changes in the temporal phase of the fMRI response should accelerate Psychophysical grating resolution was measured using a He-Ne laser interferometer. Interferometry was as the stimulus moves at a constant rate from the fovea to the periphery. Unfortunately, it is difficult to determine conducted on the University of California campus at San Diego according to a previously developed protocol (He the exact temporal phase that corresponds to the fovea, because the expanding rings wrap around from the peand MacLeod, 1996). The interferometer introduces two point light sources that interfere with each other in the riphery back onto the fovea. Furthermore, the cortical representation of the extreme periphery is underestipupil plane so as to create a sinusoidal grating pattern directly on the retina. Stimuli were always presented at mated due to the lack of visual stimulation beyond the greatest eccentricity of the stimulus as it wraps around the same physical location, and the eccentricity of the stimulus relative to the center of gaze was determined by to the fovea. As a consequence, the temporal phase tends to decelerate toward the furthest peripheral posimoving the fixation target with a stereotaxic apparatus. Gratings were presented at 1.5Њ, 3Њ, 6Њ, 9Њ, and 12Њ eccention measured, which incorrectly implies increasing M with eccentricity. tricity to either the temporal-or nasal-inferior retina. The minimum angle of resolution (MAR) was determined for To obtain a more accurate estimate of M, we used a combination of conformal mapping techniques and each eccentricity using a staircase procedure. We measured the maximum spatial frequency for which each stimuli made from stationary flickering annuli. Annuli composed of counterphase-modulated checkerboard observer could determine (at 79% correct) the direction of a 15Њ shift in grating orientation from horizontal.
patterns (mean luminance, 340 cd/m 2 ; contrast, 100%; 8 Hz) had radii of 1.5Њ, 3Њ, 6Њ, 9Њ, or 12Њ of visual angle Mean psychophysical thresholds for all ten observers are plotted as a function of the eccentricity of the stimu-(determined as the average of outer and inner radii). Observers were instructed to fixate a target (0.25Њ ϫ lus (Figure 1 ). Triangles denote thresholds for the grating resolution task, and circles denote thresholds for the 0.25Њ) positioned at the center of the screen, while one of the five rings was presented surrounding the center Vernier acuity task. Each point represents a mean threshold for all measured hemifields and all observers.
of gaze. The thickness of each ring was roughly 1/6 of the eccentricity. Note that each of the five rings may For the Vernier acuity task, four repetitions from each quadrant (eight from each hemifield) were averaged to stimulate a different amount of cortex, but differences in the amount of cortex activated should not profoundly yield mean thresholds for each eccentricity. For the grating resolution task, means were computed by averaging affect the mean location of activity on the flattened cortex. In a single session, a ring with a given eccentricity one threshold from each hemiretina (e.g., left eye temporal retina and right eye nasal retina). Mean thresholds was presented in alternation with a mean luminance To describe the topology of a given observer's V1, temporal phase of the response (based on the typical hemodynamic delay). This map was projected onto the we fit these fMRI activity maps with a template derived from a conformal mapping method developed by computationally flattened representation of each observer's occipital lobe. Schwartz (1980 Schwartz ( , 1994 . According to Schwartz, twodimensional visual space can be projected onto the twoThe resulting activity maps in the flattened representation of the cortex appear as distinct patterns that vary dimensional flattened cortex using the formula w ϭ k ϫ log(z ϩ a ), where z is a complex number representing systematically with the eccentricity of the stimulus (Figure 2) . The upper left panel (Figure 2A) shows a schea point in visual space, and w represents the corresponding point on the flattened cortex. The parameter matic representation of our stimuli for one hemifield of visual space. Each arc represents the location and a reflects the proportion of V1 devoted to the foveal representation, and the parameter k is an overall scaling eccentricity of our annulus relative to the fixation target (asterisk). Note that, while all of our stimuli were comfactor. We added an additional parameter, b, to scale the width of the map. To achieve this, we separated plete annuli, only the portion that extends into the right hemifield is presented here for clarity. Each eccentricity the real and imaginary components of our projected positions, w, and scaled the real component by parameis coded by a differently colored arc. The vertical and horizontal meridians are also color coded, and each of ter b. This modification affords better fits by sacrificing the preservation of local isotropy. these lines represents the primary axis of stimulation by our meridian-mapping stimuli. The grayscale images in
The best-fitting template for each hemisphere in each observer was obtained by projecting a curve representthe remaining panels ( Figures 2B-2I) show fMRI activity maps on flattened representations of one observer's left ing the location of the visual stimulus onto the correspond-puted by first using the best-fitting template to project a 1Њ diameter patch of visual space onto the flattened cortex and then calculating the diameter of the resulting cortical projection. The colored patches superimposed upon each template within Figure 3 are the resulting cortical projections at the five eccentricities shown in the upper left panel. Each eccentricity is marked with a unique color. The area of cortex devoted to the fovea is clearly exaggerated relative to the periphery for all hemispheres. This trend is maintained despite the large within-observer and between-observer variability in the size of V1. We independently fit five templates to each hemisphere to obtain an error estimate for the fitting procedure itself. Each initial condition was chosen by eye, and then the parameters (offset, rotation, a, b, and k ) were optimized using MATLAB's nonlinear optimization routines. Each of the five templates that were fit to the fMRI data was used to project 1Њ patches of visual space onto the flattened representation of the cortex. The projected areas generated from each template were then used to compute a mean projected area and confidence intervals for each eccentricity. A final estimate of M was derived from the averaged cortical projections. computed the center of mass for fMRI responses to our most peripheral stimulus (12Њ). The angle of the line segment connecting these two points was computed, ing fMRI activity map and then adjusting parameters to and the horizontal meridian of the template was rotated maximize the image intensity (i.e., the line-integral) unto this angle with its origin fixed. All the other parameters der the projected curve. Parameter values from the bestin the template (a, b, and k ) were set to default values fitting template were obtained using a nonlinear optimithat roughly corresponded to an average V1 size across zation technique in MATLAB. The optimized fits for a subjects. If necessary, we adjusted the output of this single observer are superimposed upon the grayscale initial automatic fitting procedure to obtain the closest activity maps in Figure 2 . As the radius of the presented fits possible by visual inspection. After any manual adannulus increases, the arc-shaped pattern of activation justments were complete, the template was fit to the moves gradually from the fovea to the periphery in the data using the iterative method described above. The flattened representation of the cortex (Figure 2B-2F) .
order in which each hemisphere was fit was randomized The colored lines superimposed upon the patterns of to avoid starting each of the five fits for each hemisphere activity show the locations, projected using parameters from the same seed (i.e., using the same parameters). from the best-fitting template, of the corresponding anThe open circles in Figure 4 show the calculated value nuli and meridian-mapping stimuli ( Figure 2B-2I , where denotes the mean threshold. An exponent of Ϫ1 means that acuity thresholds are roughly inversely proportional to M across eccentricity. The correlation coefficient (r ) for grating resolution and M is Ϫ0.85, and r for Vernier acuity and M is Ϫ0.93. Correlation coefficients were computed for the entire population of observers rather than for the average across observers. The difference between these two coefficients is not significant (p Ͼ 0.10). The slopes of these functions (Ϫ0.81 Ϯ 0.06 for Vernier; Ϫ0.82 Ϯ 0.10 for grating) are significantly different from both Ϫ1 and 0. Additional testing of the fits generated by simple linear regression (SLR) indicates that the slopes are not differ- better overall visual acuity for subjects with overall larger cortical magnification factors. We found a significant are plotted in Figures 6 and 7. For each subject, the change in M, grating resolution thresholds, and Vernier within-hemisphere/hemifield negative correlation (r ϭ Ϫ0.46, p Ͻ 0.05) between ␤ parameters for M and Vernier acuity thresholds across eccentricity for each hemifield/ hemisphere were fit with power functions: y ϭ ␤ ϫ ␦ p , acuity thresholds ( Figure 6A ). We did not, however, find a significant within-observer correlation between the ␤ where ␦ is eccentricity, and y is either threshold or M. The parameter ␤ represents the y intercept for each parameters for grating resolution thresholds and M (r ϭ Ϫ0.16, p Ͼ 0.05) ( Figure 6B ). There was no significant function on log-log axes or, equivalently, the estimated acuity, or M at 1Њ of eccentricity. The parameter ␤ can difference between the correlations for Vernier acuity and grating resolution (p Ͼ 0.10). be thought of as an overall scale factor for each power function fit. We predicted that hemispheres with large Correlating the p parameters provides a comparison between the change in psychophysical thresholds to ␤ parameters for M should have smaller ␤ parameters for psychophysical thresholds and vice versa, indicating the change in M with increasing eccentricity, after ac-counting for overall scale factors. Correlations between by the fact that the exponent of the power function fits to the relationship between M and acuity is greater the p parameters for Vernier acuity and M ( Figure 7A ) than Ϫ1 and that scaled acuity thresholds projected were significant (r ϭ Ϫ0.48, p Ͻ 0.05). This means that onto V1 (Figure 4 , closed symbols) cover more cortical subjects with the most rapid increase in Vernier acuity distance for the more foveal stimuli. Previous comparithresholds with eccentricity also have the most rapid sons of acuity and M also demonstrate this result, which decrease in cortical magnification with eccentricity. By has been attributed to greater receptive field overlap contrast, correlations between the p parameters for at the fovea (Dow et al., 1981). It has been recently grating resolution and M ( Figure 7B) were not significant demonstrated that RF size can be predicted by areal (r ϭ Ϫ0.24, p Ͼ 0.10). We did not find a significant cortical magnification (ACMF) to the Ϫ2/3 power (Stedifference between these two correlations (p Ͼ 0.10).
vens, 2002). The exponent in this equation is greater We tested the reliability of the correlations (for ␤ or p) than Ϫ1 because RF size does not decrease as fast using each of the five independent fits to the fMRI data.
as inverse ACMF with decreasing eccentricity, which Five of the ten comparisons (five repeats for ␤ or p implies that RF overlap increases at the fovea. The parameters) between Vernier acuity and M were signifigreater overlap near the foveal representation may be cant. Finding correlations of this magnitude for both the result of an anatomical constraint on the minimum parameters is extremely unlikely by chance. We calcusize of a cell's receptive field. Until now, it has been lated the likelihood of observing our correlation values unclear whether RF overlap would lead to an increase by performing a Monte Carlo simulation in which the or decrease in acuity thresholds (Dow et al., 1981) . By association between measurements of acuity and M finding an increase in parafoveal acuity thresholds relawere randomly shuffled across subjects. That is, each tive to what is predicted by ACMF, we support the hyof the 20 curves showing the effects of Vernier acuity pothesis that increased receptive field overlap results with eccentricity (ten subjects ϫ two hemispheres) was in relatively poorer visual acuity. randomly associated with one of the 20 curves repreOur second finding is that observers with larger overall senting M. For each random association, we calculated cortical area in V1 had lower overall Vernier acuity the ␤ and p parameters. The probability that a random thresholds. Additionally, we found that subjects showing association between acuity thresholds and M has corregreater changes in M with eccentricity also had greater lations for ␤ and p parameters that are more extreme changes in Vernier acuity thresholds with eccentricity. than our observed correlations is less than 1 in 250.
Approximately 21%-23% of the variability in Vernier Hence, while the correlations between p parameters for thresholds across observers can be attributed to differVernier acuity and M are moderate, we believe they ences in cortical topology. While this correlation does reflect a real within-observer correlation between Vernot necessarily imply causality, this result along with nier acuity and M.
our first finding further implicates V1 as a limiting factor We have taken precautions to assure that the correlain Vernier acuity. tions reported are not heavily influenced by outliers.
On the other hand, we did not find a significant correlaTests for homogeneity of variance were conducted to tion between individual acuity thresholds and cortical ensure the assumptions of regression were met. For the magnification for the grating resolution task. One possicases where outliers did exist, we performed a robust ble explanation for this is that there was more variability weighted regression (iterative bisquare weighted rein the grating acuity threshold measurements. This varigression). The correlations were also tested without the ability may be due to the relatively unnatural viewing outliers. All of the correlations that tested positive for conditions associated with laser interferometry (i.e., heteroscedacity were still significant after taking these monocular viewing and speckle artifacts) compared to precautions (all p Ͻ 0.05).
the Vernier acuity task. Alternately, one post-hoc explanation for the lack of correlation between M and grating Discussion acuity is that the visual cortex of an individual may have developed to match the quality of the optical image, as Summary measured by Vernier acuity, rather than matching the We report two main findings. First, power function fits actual sampling of the retina, which can be measured to the relationship between M in V1 and acuity show independent of the optics using interferometry. exponents of about Ϫ0.85 for both acuity tasks across subjects. This value is close to Ϫ1, which indicates a Prior Investigations of Acuity and M close match between acuity thresholds and spatial samPrevious studies show that grating resolution matches pling in V1. Correspondingly, scaling patches of visual cone and ganglion cell sampling density (Rolls and Cospace by observers' psychophysical thresholds results wey, 1970), while Vernier acuity thresholds more closely in roughly equal-sized cortical projections on the flatmatch cortical magnification in V1 (Dow et al., 1981). tened representation. This result implicates V1 as a limOur results, however, show that both grating acuity and iting factor for human visual acuity because it implies Vernier acuity thresholds roughly match sampling in V1. that the cortical representation of the minimally resolvTwo possible reasons for our finding with grating resoluable spatial distance is represented by a fixed number tion are (1) previous studies did not present gratings of V1 neurons, regardless of the eccentricity of the meausing laser interferometry, and (2) we only measured surement.
grating resolution down to 1.5Њ of eccentricity, and the Nevertheless, the match between visual acuity and M largest differences between Vernier and grating acuity is not perfect; foveal acuity thresholds are slightly higher appear with foveal presentation (Levi et al., 1985 ; Westheimer, 1982). than predicted by M at the fovea. This is made evident Visual processing does not end in V1; it is likely that extrastriate visual areas also have cortical magnification factors that match acuity thresholds. Pursuing this notion is indeed one of our long-term goals, but our ability to address this question has been limited by practical considerations. Our complex-log map is only appropriate for describing the topology of V1. The computational algorithm for achieving this task is simple yet powerful. Unfortunately, we do not yet know of such a simple map for describing the topology of the four separate maps of area V2 or for higher visual areas.
Our psychophysical and M results compare favorably to those measured in previous studies. A common parameter that characterizes the increase in acuity thresholds in the periphery is E 2 , which is the eccentricity at which foveal thresholds double (Levi et al., 1984, 1985) . that ACMF and RF size are inversely related, it turns out In our study, we only looked at the central 12Њ, and that RF size increases at a slower rate than would be therefore, we would not expect to find a nasotemporal predicted by the inverse of ACMF, that is, by raising asymmetry. We were also unable to directly test this ACMF to the Ϫ2/3 power. Unfortunately, fMRI does not prediction because our Vernier stimuli were viewed binallow us to directly measure RF size because the reocularly. We did, however, test to see if there was a ceptive fields corresponding to a given location in visual difference between dorsal and ventral M in V1 that correspace are scattered about a mean position in V1 (and lated with Vernier acuity in the superior and inferior visual vice versa). In our study, RF scatter and RF size are hemifields. We fit the dorsal and ventral portions of V1 confounded. Even so, we do have a measure of aggreseparately for each hemisphere by fixing the position gate RF size, which is a combination of RF size and RF and rotation of the conformal map while fitting the other parameters. We did not find a difference between the scatter (4√RF size 2 ϩ RF scatter 2 ) (Dow et al., 1981). Hubel and Wiesel (1974) showed that RF size and scatter are correcorrelations for M and acuity when comparing the Vernier thresholds to M for upper and lower visual fields lated in monkey V1; RF size and scatter increase proportionately with eccentricity, and each factor accounts for (p Ͼ 0.10). This lack of a finding is probably due to the lack of a significant difference between the acuity for approximately half of the aggregate RF size. Assuming that the ratio of RF size to RF scatter is similar in humans, targets in the upper versus lower visual fields (p Ͼ 0.10).
For patients with amblyopia, the relationship between we predict that RF SIZE ϭ ␥ ϫ ACMF Ϫ2/3 , where ␥ is the proportion of RF SIZE to RF AGGREGATE (␥ ϭ 0.5). After con-M and acuity is less obvious. While the retina and optics verting our estimates of M to ACMF, our prediction for mates of M, we performed a series of scans where the eccentricity of the stimulus was fixed (6Њ), but the width RF size in V1 is given by the equation RF SIZE ϭ 0.03 ϫ ␦ our initial fitting procedure. We found that fits to the activity patterns elicited by these stimuli, with three very Sources of Error in the Estimation different widths, were nearly identical. This lack of variaof Cortical Magnification tion indicates that our estimates of the peak of activity Since each estimated mapping function between the associated with the actual stimulus representation on visual world and each primary visual cortex is a simplithe cortex are robust and not easily biased by variations fied summary of our fMRI data, the mapping function in hemodynamic blurring. Hence, if there is any bias in is necessarily imperfect. We chose an oversimplified our estimate of M, it is too small to significantly affect description of each primary visual cortex because we our conclusions. wanted to capture the gist of each retinotopic map while In our main experiment, the amount of variability for minimizing contamination of our estimates of cortical the projected area is low relative to the change in promagnification by the many sources of noise in the signal jected area across eccentricity. This relatively low variand analysis. It is important that these sources of noise ability is made evident by the standard error bars in do not introduce systematic biases into our estimates sentation is likely to be off by less than Ϯ4.6 min of The Visual Stimulus and the Reliability visual angle at 1.5Њ eccentricity and Ϯ27 min at 12Њ. Of of the Fitting Procedure course, this estimate of error is artificially reduced via Each flickering ring subtended a finite extent of visual statistical averaging, and our ability to predict a position angle. We chose a series of rings whose width was equal in the visual field from a single voxel on the flattened to approximately 1/6 of the ring's eccentricity. This width representation is limited by the voxel size, which is 3 ϫ was large enough to produce reliable, robust fMRI re-3 ϫ 3 mm. A 3 ϫ 3 mm region on the flattened cortex sponses but thin enough to allow for precise localization corresponds to a window of visual space spanning of the resulting activity. Due to the nature of M, the roughly 0.45Њ ϫ 0.45Њ of visual angle at 1.5Њ eccentricity choice of ring width could influence its estimation. For and 2.5Њ ϫ 2.5Њ of visual angle at 12Њ eccentricity. example, increasing the width of the ring an equal disDistortion of Echo-Planar Images tance toward fixation and toward the periphery will exMagnetic field inhomogeneities produce geometric dispand the region of activation more extensively toward tortions in echo-planar images that are much less prothe foveal representation in the cortex than toward the nounced in T1-weighted anatomical images. This properipheral representation, potentially biasing our estiduces a problem for registering functional activity with mates of the location of peak activity toward the fovea.
anatomical images supposedly acquired in the same The probability that this bias exists increases proporlocation (Hutton et al., 2002) . These distortions become tionally with the width of the stimulus. Still, the activity more problematic with increasing field strength. Our gepattern measured using fMRI is actually a combination ometric distortions were minimized by the use of a cliniof two factors: (1) a response localized to the stimulus cal-strength 1.5 T MRI scanner. Also, the signal dropout representation and (2) a spatially diffuse response creand spatial distortion that typically results from the sinus ated by hemodynamic blurring. The hemodynamic blurand ear cavities was avoided by acquiring coronal imring is roughly Gaussian and is not spatially biased in a ages only in the occipital lobe. This resulted in echomanner that could affect our estimate of M; whether planar images that registered well with T1-weighted the blurring is narrow or broad, the peak of the activity images. should be the same.
Spatial Resolution of fMRI To assess whether our estimates of M were affected One explanation for why our choice of ring widths did by different stimulus widths and hemodynamic blurring, not affect our estimates of M is that the spatial extent we conducted two tests. First, we projected the region of of fMRI activation is typically much broader than the visual space occupied by the stimulus onto the flattened underlying neuronal response. By projecting the actual representation and compared this projection to the stimulus dimensions onto the flattened cortex, we estiwidth of the actual activity pattern. As predicted by mated that the neuronal representation of the ring of normal hemodynamic blurring, visual inspection showed activity produced by our annular stimulus was much that the activity pattern was much larger than the pronarrower than the activity patterns of our measured fMRI jected stimulus borders. Second, to determine whether responses pictured in Figure 2 . Thus, while a sufficiently wide stimulus could produce a larger extent of neuronal activity patterns with different widths affected our esti- and expansion. Importantly, we found no systematic pattern of distortion as a function of the representation of eccentricity or polar angle in our flattened maps.
Grating Resolution Task
The remaining distortion in our flattened maps is a was presented on a dim background of green-filtered light by combining the paths of each light source with a beam splitter. Observers fixated a 0.1Њ diameter fixation target that was created by printing Experimental Procedures a spot on acetate and placing the acetate in the path of the background illumination. Observers were asked to determine whether Vernier Acuity Task Vernier acuity thresholds were measured with four female and six the grating was oriented 15Њ clockwise or counterclockwise from horizontal. Grating presentation was preceded by a tone. After the male observers ranging between 21 and 34 years of age. Observers sat in a quiet, light-controlled room (ambient luminance Ͻ1 cd/m 2 ) grating was presented (1000 ms), observers indicated their response using a key press (two-alternative forced choice). The grating orien-57.3 cm from the display monitor with their heads stabilized in a chin rest. Stimuli were viewed binocularly through natural pupils. tation was randomized from trial to trial, and the spatial frequency of the grating was determined using a staircase procedure. The An Apple Power Mac computer controlled stimulus presentation and data acquisition (PowerMac G3 processor; 300 MHz; 8 bit graphics spatial frequency of the grating was increased for every three correct trials and decreased for every incorrect trial. We randomly interrepresentation via the reference volume. Some points on the flattened representation are not covered with a functional measureleaved two staircases during each run (50 trials each). The data for each session was combined and fit with a Weibull function to ment. Consequently, the functional data were interpolated using a blurring algorithm; each pixel on the flattened representation was determine thresholds ‫%97ف(‬ correct). The thresholds corresponding to the temporal retina of one eye were averaged with the nasal assigned a weighted average of the neighboring pixels that contained functional data. After the retinotopy was projected on the thresholds of the other eye (and vice versa) to obtain a mean threshold for the left and right visual hemifields.
cortex 
